cells, suggesting that plectin deficiency compromised prestress generation, which, in turn, resulted in the inhibition of long distance stress propagation. Both plectin ϩ/ϩ and plectin Ϫ/Ϫ cells exhibited nonlinear stress-strain relationships. However, plectin ϩ/ϩ cells, but not plectin Ϫ/Ϫ cells, further stiffened in response to lysophosphatidic acid (LPA). Dynamic fluorescence resonance energy transfer analysis revealed that RhoA GTPase proteins were activated in plectin ϩ/ϩ cells but not in plectin Ϫ/Ϫ cells after treatment with LPA. Expression in plectin Ϫ/Ϫ cells of constitutively active RhoA (RhoA-V14) but not a dominant negative mutant of RhoA (RhoA-N19) or an empty vector restored the long distance force propagation behavior, suggesting that plectin is important in normal functions of RhoA. Our findings underscore the importance of plectin for mechanical properties, stress propagation, and prestress of living cells, thereby influencing their biological functions.
stiffening; prestress; traction; actin; mechanotransduction PLECTIN is a 500-kDa intermediate filament (IF)-based cytocrosslinker protein that plays a central role in cytoarchitecture (47, 53) . Plectin deficiency in mice leads to early death within 1-3 days after birth as a consequence of internal blistering of the oral cavity that interferes with food uptake (1, 3) . In addition, mutant mice show myopathies in skeletal muscle and abnormal cytoarchitecture in the heart (3, 25) , which has been traced to the disruption of plectin isoformmediated linkages of desmin IFs to different subcellular structures (24, 25) .
Published works have demonstrated that plectin is involved in cell migration and wound healing (2) and resistance to osmotic swelling (34) . Eleven alternatively spliced isoforms of plectin contribute to its complexity and versatility in structure and function (13) . Recently, one of our groups has demonstrated that plectin isoform 1b mediates mitochondrion-IF network linkage and controls organelle shape (54) . However, the mechanical functions of this protein remain unclear.
It is well established that actin microfilaments play critical roles in cell spreading, shape control, and mechanical properties of cells (48, 50) . Therefore, the majority of the current research in the field of cell mechanics has been focused on F-actin and its cross-linking proteins regarding their specific contributions to cell mechanical properties. Myosin II is a major actin cross-linking and tension-generating protein in nonmuscle cells and has been the focus of many studies (9) . In addition to myosin II, other actin cross-linking proteins play important roles. For example, actin cross-linking protein filamin A-deficient cells have very different cell shapes, exhibit few stress fibers, and have different mechanical properties compared with control cells (21) . Focal adhesion protein vinculin-deficient cells also have different cell shapes and different mechanical properties compared with control cells (27) . All these reports highlight the strong association between alterations in cell shape and changes in mechanical properties of cells. In contrast, wild-type cells and plectin knockout cells exhibit similar spreading and shape (2) . Thus, it is not clear whether plectin plays significant roles in cell mechanical properties. However, there are a few hints from recent findings that plectin might play important roles in mechanical properties of living cells. The elongated and flexible molecular structure of plectin (12, 45) suggests that its organization is similar to that of members of the spectrin family (20) and that its structure may contribute to the elasticity (elastic stiffness) of living cells. In addition, plectin is known to connect integrins at the cell surface with IFs at hemidesmosomes (26, 41) and to connect nesprin-3 on the nuclear envelope with IFs (22) , raising the possibility that plectin might mediate direct long distance stress propagation in the cytoplasm and into the nucleus. Keratinocyte fragility and lesional epidermal barrier defects are observed in conditional deletion of plectin in epithelia (1), suggesting that plectin might play an important mechanical role in living cells. In this report, we characterized the mechanical properties of cells in plectin ϩ/ϩ and plectin Ϫ/Ϫ cells. We show that plectin plays important roles in cell stiffness, stress propagation, traction generation, and RhoA GTPase activation.
MATERIALS AND METHODS
Cell culture and transfection. Wild-type (plectin ϩ/ϩ ) and plectindeficient (plectin Ϫ/Ϫ ) mouse skin fibroblasts were isolated following a previous protocol (2). Cells were cultured in 100-mm tissue culture dishes (Nunclon, Roskilde, Denmark) in DMEM supplemented with 10% FCS, 50 U/ml penicillin G sodium, and 50 g/ml streptomycin sulfate (penicillin-streptomycin, GIBCO-BRL, Life Technologies) at 37°C and 5% CO 2 until they reached confluence. Confluent fibroblasts were trypsinized (trypsin-EDTA: 0.05% trypsin and 0.53 mM EDTA4Na) and split 1:3-1:5. Experiments were performed with cells from passages 5 to 15 after isolation. Cells were serum deprived overnight before being plated on collagen-I-coated (20 g/ml) rigid dishes or collagen-I-coated (100 g/ml) polyacrylamide gel substrate (0.1% or 0.3% bis, 5% polyacrylamide, and elastic modulus 4 or 8 kPa) for 4 -6 h or overnight. 1-Oleloyl-lysophosphatidic acid (LPA; Sigma, St. Louis, MO) was used at final concentration of 1 g/ml. PDGF (Sigma) was used at a final concentration of 10 ng/ml (a saturating concentration). Adenovirus-yellow fluorescent protein (YFP) cytochrome c oxidases (mitochondrial inner membrane proteins) (YFPmito) were used to infect the cells for 2 days (16). YFP-mito was used as a marker to track stress-induced displacements of the cytoskeleton. The cyan fluorescent protein (CFP)-YFP RhoA biosensor was a gift from Dr. M. Matsuda (Kyoto University) and Dr. Jun-ichi Miyazaki (Osaka University). Substantial experiments have been conducted to characterize and confirm the specificity and sensitivity of the RhoA biosensor (55) . All plectin Ϫ/Ϫ cells where we measure RhoA activity expressed RhoA biosensors in the same way as plectin ϩ/ϩ cells; this was confirmed by the fluorescence of the probe in these cells. Since transfection was not 100% in both types of cells, only the cells (both plectin ϩ/ϩ and plectin Ϫ/Ϫ ) that expressed RhoA biosensors were chosen for experiments. The Rac biosensor has been improved in its sensitivity by replacing the original fluorescence proteins with enhanced CFP (as a donor for FRET) and YPet [as an acceptor for fluorescence resonance energy transfer (FRET)], which was developed in Dr. Yingxiao Wang's laboratory (35) based on Rac biosensor pRaichu-Rac1/RacCT, a gift from Dr. M. Matsuda (Kyoto University) (19) . The probe of pRaichu-Rac1/RacCT has been very well characterized in terms of its specificity (19) . Probes were transfected into plectin ϩ/ϩ and plectin Ϫ/Ϫ fibroblasts using Lipofectamine following protocols provided by the manufacturer (Invitrogen) and incubated for 24 h. Plectin Ϫ/Ϫ cells were simultaneously transfected with mCherrytubulin and a constitutively active RhoA-V14, a dominant negative mutant of RhoA (RhoA-N19), or an empty vector using the Lipofectamine method following the manufacturer's protocol (Invitrogen). Green fluorescent protein (GFP)-zyxin (a gift of Dr. F. Wang) and mCherry-actin or mCherry-tubulin (gifts of Dr. R. Tsien) were transfected according to established protocols.
Polyacrylamide substrate technique. The technique of the polyacrylamide substrate has been previously described (37) . In brief, 0.2-m-diameter fluorescent submicrobeads were embedded in the polyacrylamide gel (5%) and cross-linked by bis-acrylamide (0.1% or 0.3%). These fluorescent submicrobeads were used to track the deformation of the gel (52) .
Traction force microscopy. To determine the displacement field of the gel beneath individual adherent cells, images of the same region of the gel were taken at different times before or after experimental interventions. The position of the fluorescent beads in the gel in the absence of traction was determined at the end of each experiment by releasing the cells with trypsin; this traction-free image was used as a reference. The displacement field was determined by measuring the changes in the position of corresponding fluorescent beads between the reference (cell free) image and the image containing a cell. The two-dimensional fast Fourier transform algorithm in MATLAB was used to calculate the correlation functions. The traction field was calculated from the displacement field, implementing the solution described by Butler et al. (6) . This calculation was based on the Boussinesq solution for the displacement field on the surface of a semi-infinite solid when the distribution of surface traction is known. Writing the displacements as a convolution of tractions and the kernel that maps tractions to displacements and taking the Fourier transform of this relation yield the solution for the traction field on the surface when the surface displacement field and the gel elastic properties are known. The boundary conditions were as follows: 1) zero traction outside of the cell-gel interfacial area and 2) the displacement field within the cell-gel interface that matched the experimentally observed displacements within the cell boundary.
Adenovirus transfection assay. The adenovirus fluorescent protein assay was developed and used following previously described protocols (32) . After the cells had reached 70 -80% confluency, adenovirus containing YFP-mitochondria were added at 150 l/well (6-well dish) for 2 days, and transfection efficiency was examined under a fluorescent microscope.
Microscopy. A Leica inverted microscope was integrated with a magnetic twisting device and a Dual-View system (Optical Insights, Tucson, AZ) to simultaneously acquire both CFP and YFP emission images in response to stress. For emission ratio imaging, the DualView Micro-Imager (Optical Insights) was used. CFP/YFP Dual EX/EM (FRET) (OI-04-SEX2) has the following filter sets: CFP, excitation S430/25 and emission S470/30; and YFP, excitation S500/20 and emission S535/30. The emission filter set uses a 515-nm dichroic mirror to split the two emission images. Cells were illuminated with a 100-W Hg lamp. For FRET imaging, each CFP image (1,344 ϫ 512 pixels) and each YFP image (1,344 ϫ 512 pixels) were simultaneously captured on the same screen using a charge-coupled device camera (Hamamatsu C4742-95-12ERG) and a ϫ40 (0.55 numerical aperture) air objective or a ϫ63 (1.32 numerical aperture) oil-immersion objective.
Optical magnetic twisting cytometry. Optical magnetic cell twisting is an extension of the magnetic cell twisting technique (50) to oscillatory forcing. The technique of applying twisting torques to cells in a dish under a microscope has been described in detail (11) . The microscope stage was heated to maintain 37°C for the cells in a dish. The twisting current was driven by a current source controlled by a computer. Ferromagnetic beads (ϳ4 m diameter) coated with saturated amount of Arg-Gly-Asp (RGD)-containing peptides (the ligand density on the bead was measured to be ϳ1 RGD-peptide per 2 nm 2 of bead surface area), ligands for integrin receptors, were bound the surface of adherent cells for 15 min. The binding specificity of bead binding was determined following previously described protocols (50) . The magnetic moments of each batch of self-made ferromagnetic beads were calibrated according to previously published methods (50) . The beads are magnetized by a strong (1,000 G) and short (Ͻ0.1 ms) magnetic field pulse oriented at the horizontal direction using the magnetizing coils. A sinusoidally varying vertical magnetic "twisting" field is then applied, and the resulting bead translational displacements induced by bead rotation are determined by quantifying the bead center movement using an intensity-weighted center of mass algorithm (11) . We measured the complex stiffness (G*) as a function of frequency by applying an oscillatory magnetic field and measuring the resultant oscillatory bead motions using the follwing relation: G* ϭ T/d, where T is the oscillatory specific torque resulting from the oscillatory magnetic field of different frequencies and d is the induced horizontal displacement of the beads measured using a charge-coupled device camera attached to an inverted optical microscope. The measured complex stiffness has the units of torque per unit bead volume per unit bead displacement (Pa/nm) and can be separated into elastic (storage) stiffness and dissipative (loss) stiffness. For varying magnitudes, the applied twisting fields were 10, 18, 25, 50, and 75 G. The bead constant was 0.31 Pa/G. Hence, the applied stress was 3.1, 5.58, 7.75, 15.5, or 23.25 Pa, since stress was equal to the bead constant times the twisting field. Two different loading protocols were used to keep the probing time around 10 min for the frequency scan. In the first, the oscillatory frequency sweep points were 0.01, 0.1, 1, 10, 100, and 1,000 Hz; in the second, they were 0.002, 0.04, and 0.2 (the applied stress was fixed at 8.75 Pa). If one assumes a bead-cell contact area (generally ϳ10% of bead surface area) and uses a model to convert stiffness (Pa/nm) to modulus (Pa) (28), 1 Pa/nm stiffness is equivalent to 6.8 kPa modulus. F-tests or t-tests were used for statistical analysis.
Analysis of long distance force propagation. The magnetic bead lateral movement was used to calculate the corresponding dynamic modulus (11, 16) . Fluorescent image acquisition of YFP-mitochondria or mCherry-tubulin was phase locked to the twisting field such that 10 images were taken during one twisting cycle of 3.2 s. Therefore, the temporal resolution was 0.32 s. To reduce noise caused by spontaneous cytoskeletal movements, images were taken during the same twisting phase over 3-10 cycles. Averaged images were cropped to a size of 32 m square. Images were then subdivided into arrays of 11 ϫ 11 pixels (2.2 ϫ 2.2 m), which were overlapped by 5 pixels. The deformation field was obtained by comparing corresponding arrays between two images taken at different phases during the twisting cycle. We shifted the arrays of the second image by subpixel increments (4 nm) in the Fourier domain until the mean square differences of the pixel intensities between the shifted array and the corresponding array from the first image reached a minimum. The resolution of the displacements was ϳ5 nm (17) . Stress fields were computed from displacement fields, and the complex modulus was estimated from the magnetic bead using previously published methods (16) .
FRET image analysis. A customized MATLAB (Mathworks) program was used to obtain YFP-to-CFP emission ratios. CFP and YFP images at each time point were first background subtracted, and the YFP image was used to generate a binary mask based on an input threshold so that the pixel value inside the cell was set to 1 and the pixel value outside the cell was set to 0. After multiplication of the original YFP image by the mask image, this updated YFP image and the CFP image were aligned pixel by pixel by maximizing the normalized cross-correlation coefficient of the CFP and YFP images (29) . Aligned YFP-to-CFP emission ratios were normalized to the lower emission ratio and displayed as a linear pseudocolor.
Due to the nature of the simultaneous ratiometric FRET imaging approach, the heterogeneous noise engendered from excitation light intensity, cell size/thickness, and biosensor expression levels are canceled out and eliminated by taking the ratio of the donor to acceptor on the same biosensor molecule. Furthermore, the percentile changes of FRET before and after stimulation were obtained from the same live cell, which eliminated the noise engendered from the heterogeneity among different cells. Hence, the ratiometric FRET imaging data are much more reliable than intensity-based information obtained from different groups of cells. It is a generally accepted practice that a large number of cells is not needed for statistical analysis of FRET imaging data.
RESULTS

Plectin contributes to cell elastic stiffness but not the frequency response.
To characterize the role of plectin in rheological properties of cells, we compared the frequency responses of plectin Ϫ/Ϫ skin fibroblasts with those of plectin ϩ/ϩ cells (2) when local stresses were applied via integrin receptors. Both cell types exhibited similar cell spreading under similar culture conditions (Fig. 1A) , but plectin Ϫ/Ϫ cells were less stiff than plectin ϩ/ϩ cells in response to the same applied stress (Fig. 1B) . Preexponential factors (Fig. 1C) were decreased by ϳ30 -60% in plectin Ϫ/Ϫ cells, suggesting that plectin contributes to the magnitude of cell elastic stiffness. By definition, cell stiffness ϭA ϫ f ␣ , where A is the preexponential factor that is independent of frequency but is dependent on the intrinsic stiffness and prestress of the cell (4), f is the loading frequency, and ␣ is the power law exponent. These differences in elastic stiffness cannot be attributed to the lack of focal adhesions or actin recruitments since GFP-zyxin and mCherry-actin were similarly recruited to the magnetic beads on plectin Ϫ/Ϫ cells (Supplemental Fig. S1 ). solid, the power law exponent is 0; for a pure viscous fluid, the exponent is 1. When the exponents are between 0 and 1, the cell behaves viscoelastically. These data suggest that plectin does not contribute to the viscous behavior of the cells in both frequency ranges.
Plectin is necessary in long distance force propagation. Recently, it has been shown that prestressed actin bundles are necessary for long distance stress propagation (16 -18) . However, the role of major cross-linking proteins in stress propagation and distribution inside living cells remains elusive. To explore the role of plectin in stress propagation in a living cell, we compared plectin Ϫ/Ϫ cells with wild-type controls. Wildtype plectin ϩ/ϩ fibroblast cells, transfected with YFP-mitochondria as a marker of cytoskeletal deformation (16) (Supplemental Fig. S2 ), exhibited long distance stress propagation (Fig. 2) , consistent with previous findings in normal smooth muscle cells. In contrast, plectin Ϫ/Ϫ cells did not. This is somewhat surprising since it has been shown that these plectin Ϫ/Ϫ cells have more actin bundles and more focal adhesions than wild-type cells after the first several hours of plating and similar numbers after longer plating times (2) . If one reasoned that the presence of actin bundles and focal adhesions was necessary and sufficient for long distance propagation, one would expect that plectin Ϫ/Ϫ cells should also exhibit long distance force propagation.
Plectin Ϫ/Ϫ cells exert lower traction forces. Previous work has shown that the cytoskeletal tension (prestress) is important in mediating long distance stress propagation (16) . We reasoned that in the absence of plectin, the abolishment of IF connections with focal adhesions and with myosins might reduce the tension in the cytoskeleton. To explore if this was the case, we measured traction forces in both cell types. Traction measurements show that root mean square traction forces in plectin Ϫ/Ϫ cells were much less than those in plectin ϩ/ϩ cells (Fig. 3) . Differences in the two cell types became greater on stiffer substrates (Fig. 3, A and B) . These results suggest that the failure of plectin Ϫ/Ϫ cells to mediate long distance force propagation may be due to a reduction of prestress in actin bundles, since the distribution and structure of microtubules (MTs) in both plectin Ϫ/Ϫ and plectin ϩ/ϩ cells are similar (2) . Plectin Ϫ/Ϫ cells do not stiffen in response to LPA. To further explore how mechanical signaling pathways in plectin Ϫ/Ϫ cells might have changed, we examined how they responded to LPA, a drug that activates the Rho pathway to increase contractility of the cell (23, 39) . It has been established that . Cells were plated for ϳ4 h in serum-free medium before mechanical measurements. Supplemental Fig. S2 shows a bright-field image of the cell with the bead and the fluorescent image of YFP-mitochondria. Bottom: a plectin Ϫ/Ϫ cell only exhibited local deformation (left) and local stresses (right) in response to the same mechanical loading. White arrows and colors represent the directions and magnitudes of the displacements or stresses. The pink arrow represents the direction and magnitudes of the bead displacement. Note that the maximum displacement in the plectin ϩ/ϩ cell was only ϳ0.035 m, whereas the maximum displacement in the plectin Ϫ/Ϫ cell was ϳ0.2 m, indicating that the peak cytoskeletal deformation in the plectin ϩ/ϩ cell is much less than that in the plectin Ϫ/Ϫ cell, consistent with the results showing that plectin ϩ/ϩ cells are more stiff than plectin Ϫ/Ϫ cells. The stress map was computed from the displacement map and the assumed average complex modulus of the cell. Since the input energy (the total input torque) was the same for both types of cells and there was long distance force propagation in the plectin ϩ/ϩ cell, the peak stress must be much lower in the plectin ϩ/ϩ cell (ϳ120 Pa) than that in the plectin Ϫ/Ϫ cell (ϳ900 Pa), where the stress is localized only around the site of torque application. Two other cells each exhibited similar behaviors in two separate experiments.
wild-type and plectin Ϫ/Ϫ cells have functional LPA receptors on their surface (2) . Both plectin Ϫ/Ϫ and plectin ϩ/ϩ cells stiffened in response to increasing applied stresses, i.e., exhibited a nonlinear stress-strain relationship (Fig. 4, A and B) , although plectin Ϫ/Ϫ cells appeared to stiffen somewhat less than plectin ϩ/ϩ cells. Interestingly, plectin Ϫ/Ϫ cells did not stiffen further when treated with LPA (1 g/ml for up to 2 min; Fig. 4B ), whereas plectin ϩ/ϩ cells stiffened dramatically in response to LPA (Fig. 4A) . These results are consistent with previous findings on the lack of a reorganization response in plectin Ϫ/Ϫ cells in response to serum starvation (2) .
RhoA GTPases are not activated in plectin
Ϫ/Ϫ cells in response to LPA. To further determine why plectin ϩ/ϩ but not plectin Ϫ/Ϫ cells stiffen after LPA treatment, we quantified the activation of RhoA in cells transfected with a CFP-YFP RhoA cytosolic sensor by measuring temporal changes of FRET ratios (13a). FRET changes were detected as early as 5 s (the earliest possible time point after the addition of LPA to the medium) in the periphery of plectin ϩ/ϩ cells (Fig. 5) . In contrast, there were no observable changes of FRET ratios of RhoA in plectin Ϫ/Ϫ cells in response to LPA up to several minutes (Fig. 5) , suggesting that the Rho signaling pathway was compromised in the absence of plectin. Since Rac proteins play an antagonistic role against Rho proteins (33), we wondered if the lack of stiffening in plectin Ϫ/Ϫ cells could also be partially due to the activation of Rac by LPA in these cells. However, after treatment with LPA, no FRET ratio changes were observed in either plectin ϩ/ϩ or plectin Ϫ/Ϫ cells transfected with CFP-YFP Rac1 cytosolic biosensors (Fig. 6, A and  B) . The unresponsiveness of these cells to LPA was not due to general defects in Rac1 in these cells, since both plectin ϩ/ϩ and plectin Ϫ/Ϫ cells activated Rac1 in response to PDGF (Fig. 6 , C and D), a soluble growth factor known to activate Rac (42) . Taken together, these findings strongly suggest that the lack of a stiffening response to LPA in plectin Ϫ/Ϫ cells is mostly due to an inability to activate RhoA in these cells.
Expression of constitutively active RhoA in plectin Ϫ/Ϫ cells restores long distance force propagation behavior. To further determine the role of active RhoA in mechanical behaviors of living cells, we measured stress propagation in plectin Ϫ/Ϫ cells when different forms of RhoA and mCherry-tubulin were cotransfected in the same cells. Recently, we (49) have shown that the structural basis for the stress propagation observed in YFP-mitochondria-transfected cells originates from the deformation of MTs. Therefore, we measured MT deformation directly in response to a local stress application. Expression in plectin Ϫ/Ϫ cells of a constitutively active RhoA (RhoA-V14), but not a dominant negative mutant of RhoA (RhoA-N19) or an empty vector, restored the long distance force propagation behavior ( Fig. 7 and Supplemental Fig. S3 ), suggesting that plectin is important in the proper activation of RhoA, which, in turn, facilitates the long distance force propagation behavior in living cells, possibly by elevating the tension in actin bundles/ stress fibers.
DISCUSSION
We have shown that plectin plays important mechanical roles in cell stiffness, stress propagation in the cytoplasm, traction generation, and RhoA GTPase activation in response to LPA. All these findings in living cells in response to mechanical or chemical stimulation significantly extend previously published work on the structural and biological roles of plectin (2, 33) and provide a mechanical basis for the observed biological functions of plectin.
Cell shear stiffness is a fundamental measure of how much a living cell resists external mechanical deformation (52) . The fact that plectin Ϫ/Ϫ cells are less stiff than plectin ϩ/ϩ cells under similar culture conditions shows that plectin significantly contributes to cell shape stability. This finding is consistent with the recent result that plectin Ϫ/Ϫ cells are less resistant to osmotic swelling (34) . At this time, we do not know the exact mechanism of how plectin contributes to cell stiffness. However, there is increasing evidence that plectin binds to IFs and anchors them at peripheral junctions, such as hemidesmosomes (41) and focal adhesions (5, 15, 44) , thereby contributing to cell stiffness by stabilization of cytoskeletal structures and focal adhesions.
In addition, we speculate that the appropriate positioning of IFs at focal adhesions to bear some of the myosin-dependent tension might be important for mechanical/biochemical feedback loops in living cells. This possibility is consistent with our finding that plectin Ϫ/Ϫ cells generate half as much traction forces as plectin ϩ/ϩ cells on substrates whose rigidity is similar in magnitude to that of the cells; it is known that prestress in the cell plays a major role in determining cell shear stiffness (52) . The substrate stiffness in our study was 4 or 8 kPa, which is within the range of soft tissues (1-20 kPa) . It has been shown that sizes and tractions of focal adhesions increase with elastic moduli of the substrate (14) . Therefore, our data that the differences in tractions between plectin ϩ/ϩ and plectin Ϫ/Ϫ cells are greater on stiffer substrates are consistent with published results.
Our data of higher actin recruitments (within ϳ15 min) to the bead on plectin Ϫ/Ϫ cells are consistent with previously published data showing that during early adhesion, there are more focal adhesions and more stress fibers in plectin Ϫ/Ϫ cells than in plectin ϩ/ϩ cells (2). The higher number of focal adhesions and stress fibers in plectin Ϫ/Ϫ cells might be due to the compensatory response of the cytoskeletal remodeling to the lack of plectin. There is a distinction between cell adhesion and cell stiffness. For example, it is known that in vimentin knockout cells, there is an increase in cell adhesion but cell stiffness is much lower (ϳ30 -40%) than in wild-type cells (10, 51) . It is also known that it is the tension in the stress fibers, not just the stress fiber number, that dictates the magnitude of cell stiffness (16, 17) . There is also a difference between cell adhesion and cell traction. Traction generation depends not only on F-actin but, more importantly, on myosin II, which, in turn, depends largely on RhoA activity and myosin light chain activity. The lower stiffness and lower tractions (prestress) in plectin Ϫ/Ϫ cells are consistent with published data showing that prestress and stiffness are tightly coupled in normal cells and that cell prestress dictates cell stiffness (52) .
It is interesting that both plectin Ϫ/Ϫ and plectin ϩ/ϩ cells exhibited a similar weak power law (exponent ␣ 1 ϭ 0.17-0.18) at frequencies higher than 1 Hz. At frequencies lower than 0.1 Hz, plectin Ϫ/Ϫ cells exhibited a higher power law (exponent ␣ 2 Ϸ 0.82) than plectin ϩ/ϩ cells (exponent ␣ 2 Ϸ 0.78), suggesting that the presence of plectin influences only the slow dynamics of living cells. The existence of two power laws in our cells is consistent with previously published results in other cell types (46) and is not consistent with the timescale free hypothesis, which states that there should be only one power law (8) . Importantly, we (7) have recently shown that the molecular mechanism of the two power laws originates from a nonequilibrium to an equilibrium transition of noncovalent bonds. These findings suggest that plectin does not contribute to the nonequilibrium to equilibrium transition of noncovalent bonds. Our data of preexponential factors of the power laws in wild-type cells ranged from 0.5 to 2.9 kPa, consistent with previously published results using different techniques in living cells (0.16 -3.66 kPa) (4) and in nuclei (0.15-0.83 kPa) (36) . It is interesting that the absence of plectin reduces these preexponential factors by ϳ30% (Fig.  1C) , suggesting that plectin does play an important role in the elastic stiffness of the cell, consistent with the implications from the identified molecular structures of plectin (45) .
We found that Rho activation by LPA in wild-type cells is mostly cortical, consistent with previously published data (38) . We are not clear on how plectin deficiency interferes with the RhoA signaling pathway, but it may be related to the lack of/misguided anchoring sites for these RhoA proteins in the absence of plectin that prevents them to be activated by LPA. It is possible that RhoA proteins need the presence of plectin in anchoring at the focal adhesions and/or assuming proper conformation to contribute to traction generation by myosin II or long distance force propagation. No matter what exact molecular roles plectins might play in affecting cell mechanical functions, the fact that several important cell mechanical properties are changed in the absence of plectin suggests that plectin protein contributes significantly to cell mechanical and biological functions. Future study is needed in elucidating the molecular pathways between plectin and RhoA.
Recently, we (30) have demonstrated that rapid signal transduction by a local mechanical stress is a unique feature of mechanotransduction. This behavior is fundamentally different from that of soluble molecule-induced signal transduction (29) . It is now clear that it is essential for a living cell to possess the capacity of long distance force propagation to exhibit this unique mechanotransduction behavior. Our present findings that plectin Ϫ/Ϫ cells exert lower tractions and thus do not propagate forces to remote sites in the cytoplasm suggest that plectin is also important in mediating rapid mechanotransduction.
Since cytoskeletal cross-linking proteins play important roles in the structure and function of living cells, it is interesting to compare the mechanical roles of different cross-linking proteins. The lower traction and lower stiffness features exhibited by plectin Ϫ/Ϫ cells are similar to those by filamin A (an actin cross-linking protein)-deficient cells compared with their respective controls (21) . However, there are several major differences. First, filamin A-deficient cells exhibit numerous membrane blebbings, whereas plectin Ϫ/Ϫ cells do not. Second, the overall cell shape is very different for filamin A-deficient cells and their controls. In contrast, plectin Ϫ/Ϫ cells have very similar overall cell shapes as wild-type cells. Our present results are consistent with a recent report (34) from one of our groups on elevated susceptibility of plectin Ϫ/Ϫ keratinocytes to osmotic stress challenge. The present mechanical data of plectin Ϫ/Ϫ cells are also in line with the previous work (2) showing that these plectin Ϫ/Ϫ cells exhibited lower migration rates and slower wound healing; similar reductions in migration rates and wound healing have also been observed in vimentindeficient cells (10) . It is also known that vimentin-deficient cells exhibit lower contractile forces (10), lower cell stiffness, and lower stiffening responses (51) . The fact that plectin Ϫ/Ϫ cells behave mechanically and biologically in a manner similar to vimentin-deficient cells suggests that they may share a common mechanism: a compromised cytoskeletal tension in these deficient cells may partly be the cause for their abnormal biological functions. Myosin-dependent feedback loops appear to be critical for living cells to sense the rigidity of their substrate microenvironment (9) and to achieve appropriate cell Fig. S3 ) deformation was quantified using previously published methods (49) . Pink arrows represent the bead movement direction. Note that the expression of RhoA-V14 but not RhoA-N19 or the empty vector in plectin Ϫ/Ϫ cells restored long distance stress propagation. Color bar units are in nanometers. Scale bars ϭ 10 m. The transfection of these RhoA mutants was confirmed by the transfection of mCherry-tubulin into the same cell. Only cells that expressed mCherry-tubulin and thus the RhoA mutants were chosen for further experiments. There were no biases in this selection criterion since active RhoA, negative dominant RhoA, and empty vector were all selected the same way on the basis of expression the same amount of fluorescence (Supplemental Fig. S3 ). Cells were plated for 24 h for transfection and serum was then withdrawn 2-3 h before mechanical measurements.
shape stability (i.e., cell shear stiffness) (52) . Currently, the exact mechanism for this feedback response is not clear. However, several recent reports (9, 30) have suggest that it may be related to both inside-out and outside-in stress propagation across the cell membrane via the cytoskeleton and the activation of key signaling proteins for cell remodeling. Future studies are needed to understand how plectin might help in the regulation of the myosin-dependent feedback loop.
